The interactions between the assimilation and transport of nitrogen and carbon were investigated in barley and spinach leaves. 
Introduction
Plant leaves can take up not only nitrate and ammonium, but also atmospheric gaseous ammonia and utilize it as a source of nitrogen (Hutchinson et cil., 1972; Farquhar et al., 1980; Rogers and Aneja, 1980; Langford and Felsenfeld, 1992; Schjoerring et al., 1993) . While at the relatively high ambient concentrations NH 3 is absorbed, at concentrations below the 'NH 3 compensation point' (Farquhar et al., 1980) , a net NH 3 release will occur. The 'NH 3 compensation point' is approximately l-5/xgm~3 (Farquhar et al., 1980; Sutton et al, 1994; Husted and Schjoerring, 1995) and the average NH 3 concentration in the atmosphere about 1-10 /ng m~3, but it can be as high as 1000 ftgm" 3 (for references see Wollenweber and Raven, 1992) . Results of Hutchinson et al. (1972) suggest that a field crop growing in air containing NH 3 at normal atmospheric concentrations satisfies as much as 10% of its total nitrogen requirement by direct absorption of NH 3 from the air. Increasing the concentration of NH 3 in the air increased the dry weight of the shoot (Cowling and Lockyer, 1981; Wollenweber and Raven, 1993) .
Plants incorporate ammonia into amino acids via the glutamine synthetase/glutamate-oxoglutarate amino transferase (GS/GOGAT) pathway (van der Eerden, 1982; Grodzinski et al., 1984; Berger et al., 1986) , which ultimately requires 2-oxoglutarate as carbon skeleton. The resulting glutamate is converted to other amino acids by amino transferases. Partioning of carbon between amino acids and carbohydrates, mostly sucrose, is subject of metabolic regulation. Adding gaesous ammonia to plants is one stragegy to influence the N-supply of the plants quickly and for studing the interaction between N-and C-metabolism.
The present report investigates the changes in C-and N-metabolism in barley and spinach leaves after treatment with gaseous ammonia. How the ratio of carbon to nitrogen in the leaves influenced the transport of metabolites in the phloem was also investigated. The products of NH 3 assimilation in the leaves were analysed and the concentrations of sucrose and nitrogenous compounds in the phloem sap were determined.
Materials and methods

Plant growth
Barley (Hordeum vulgare L., var. Apex; Kleinwanzlebener Saatzucht, Einbeck, Germany) was grown hydroponically in aerated nutrient solution as described by Winter et al. (1992) . The plants were grown in a growth chamber with a 14 h photoperiod, at 23 °C day/18 °C night and an irradiance of 340-360 ixmo\ photons m~2 s"
1 . Three-week-old plants were used for the experiments.
Spinach (Spinacia oleracea, US Hybrid 424, Ferry-Morse Co., Mountain View CA) was grown hydroponically under a 9/15 h light/dark regime in a climatized chamber as described by Riens et al. (1991) . 7-8-week-old plants were used for the experiments.
Treatment of plants with ammonia
Ammonium in aqueous solution [NH^] is in equilibrium with [H + ] and the dissolved ammonia, and the latter is in equilibrium with the gaseous ammonia (pNH 3 ) in the atmosphere. The concentration of gaseous ammonia can be therefore be evaluated as follows:
(partitioning of ammonium between water and air, 25 °C)
To produce an ammonia concentration in the atmosphere of 1 mg NH 3 perm 3 air, a solution with 0.39 moll" 1 NH 4 C1, pH 5.6, was aerated.
21-d-old barley plants, grown in a normal light regime, were put after 8 h illumination into an acrylic glass fumigation chamber (0.12 m 3 ) and gassed with air (60 lh" 1 ). After 2h primary leaves were harvested as control samples. A bowl containing 2 1 of 0.39 M NH 4 C1 solution was placed at the bottom of the chamber and ambient air was passed by a pump (60 In" 1 ) into the chamber and through the NH 4 C1 solution to fumigate the plants with 1 mg NH 3 m~3 air. After the start of fumigation, primary leaves were sampled at intervals of 1, 3, 5, and 24 h, immediately frozen in liquid nitrogen and extracted according to Winter et al. (1992) . The CO 2 concentration in the chamber was 343 ± 6 ppm at the beginning and 337 + 10 ppm at the end of the experiment and the temperature was 25 °C. During the experiment the light regime was continued (340-360/xmol m" 2 s" 1 PAR at the surface of the leaves) and the net rate of photosynthetic CO 2 uptake of barley leaves was 97 ±3 /umol CO 2 mg" 1 chin" 1 without fumigation and 91 ±3 ^mol CO 2 mg" 1 chlh" 1 with NH 3 fumigation, which equals lSe^molCOj g" 1 FWh" 1 and 146^01 CO 2 g" 1 FW h" 1 . respectively.
Spinach plants were fumigated with ammonia in the same way for 5 h. During the experiment the light regime was continued (255-270 ^molm" 2 s" 1 PAR at the surface of the leaves, 347+14 ppm CO 2 ) and the net rate of photosynthetic CO 2 uptake was 51+2 ^mol CO 2 mg" 1 chl h~' without or with fumigation, which equals 81/xmolg" 1 FWh" 1 for spinach leaves. After this treatment leaf extracts were prepared (see above) and apoplastic fluid and phloem sap were collected. Apoplastic fluid was collected with the infiltration technique according to Speer and Kaiser (1991) and Lohaus et al. (1995) . After infiltration, the leaves were centrifuged for 3 min at 90 g. Evaluation of metabolite concentrations was based on an apoplastic air volume of 438 ^lmg" 1 chl and an apoplastic water volume of 60 /J.1 mg" 1 chl (Lohaus et al., 1995) . To check for cytoplasmic contamination, the activity of malate-dehydrogenase was measured in the apoplastic fluids and compared to that of leaf extracts (Tetlow and Farrar, 1993; Lohaus et al., 1995) . Leaves were homogenized in liquid nitrogen either with buffer (50 mM HEPES-KOH. pH 7.4, 5 mM MgCl 2 , 5 mM DTT, 2 mM benzamidine, 2 mM e-aminocaproic acid, 1 mM EDTA, 1 mM EGTA, 0.5 mM PMSF, 0.1% Triton X-100, 10% glycerol) or with 300 mM MES, pH 5.5. Phloem sap was collected with the laser-aphid stylet-technique according to Barlow and McCully (1972) and Riens et al. (1991) .
Metabolite analysis
Amino acids were analysed by HPLC (Pharmacia/LKB) using the fluorescent o-phthaldialdehyde pre-column derivatisation according to Riens et al. (1991) . Sucrose in the apoplastic fluid and the phloem sap was assayed by amperometry according to Lohaus et al. (1995) . Malate, 2-oxoglutarate, pyruvate, phosphoenolpyruvate, glycerate-3-phosphate, sucrose, and nitrate were analysed enzymatically in the leaf extracts as described by Bergmeyer(1983) .
Enzyme extraction and assay of PEPcase
Barley leaves were sampled at intervals of 0, 1, 3, and 5 h after the start of fumigation with ammonia. They were immediately frozen in liquid nitrogen. Approximately 0.12-0.15 g frozen leaf material was ground in a mortar to a fine powder while kept under liquid nitrogen and the powder was suspended in 1 ml buffer containing 50 mM HEPES-KOH (pH 7.4), 5 mM MgCU, 1 mM EGTA, 1 mM EDTA, 5 mM DTT, 0.5 PMSF, 10% glycerol, 2 mM benzamidine, and 2 mM e-amino-caproic acid. An aliquot was used for the determination of the chlorophyll content. The extract was centrifuged (10000 g for 2 min) and the supernatant was used for the assay. PEPcase was measured enzymatically by coupling the reaction to NADH-oxidation catalyzed by malate dehydrogenase. The assay medium contained 50 mM glycylglycine (pH 7.9), 10 mM MgCl 2 , 4mM K 2 CO 3 , 0.3 mM NADH, 400 nKat malate dehydrogenase, 70 /il extract (0.7 ml final solution). The samples were incubated for 10 min at 25 °C. Reactions were initiated by the addition of 2 mM phosphoe/io/pyruvate.
Results
Effects of fumigation on the metabolite content of barley leaves
The fumigation experiments were carried out with an NH 3 concentration of 1 mg m" 3 air. Such a concentration had been shown to have no adverse effect on most plants over a period of 24 h (van der Eerden, 1982) . The net rate of photosythetic CO 2 uptake of barley leaves was about 150^molg"' FWh" 1 and fumigation with NH 3 had no effect on the net rate of CO 2 uptake. As the diurnal variation of the metabolite content in barley plants had already been studied in the laboratory (Winter et al., 1992) , it was of advantage to use barley for these studies. In order to compare results, identical growth conditions to those in the earlier investigations were employed. Fumigating barley plants with NH 3 caused marked changes in many cellular metabolites. The total amino acid content increased 2-fold within 5 h of NH 3 fumigation (Fig. 1) . More than 75% of this rise was due to the dramatic increase in the glutamine content from 0.2 to 4.4 jumol mg' 1 chl. Glutamine was the most abundant amino acid in the leaves of the NH 3 -fumigated plants.
In the control plants, the most abundant amino acid was glutamate. NH 3 fumigation resulted in a decrease in the glutamate content. The sum of glutamine and glutamate increased significantly only after 3 h of NH 3 fumigation. Within 5 h of fumigation, however, the glutamine to glutamate ratio increased 40-fold. As shown earlier, the content of amino acids does not markedly increase in the second half of the light period under control conditions (Winter et a!., 1992) . Therefore the increase observed here was due to NH 3 fumigation and not a diurnal effect.
Aspartate was the second most abundant amino acid and NH 3 fumigation caused only a minor change in its content (Fig. 1) . Asparagine, the other amide, was contained in the leaves in relatively small amounts only. Under control conditions asparagine represented at the most 1% of the total amino acids. When the leaves were fumigated for 24 h, the asparagine content increased to 2.0/Mmolmg" 1 chl. Of all the other detectable amino acids, only alanine, glycine and serine increased somewhat during NH 3 fumigation (Fig. 1) .
Beside amino acids, sucrose and malate are the most abundant soluble organic carbon compounds in barley leaves (Riens et al, 1994) . NH 3 fumigation for 5 h led to a decrease in the sucrose content from 8.2 ^mol mg" 1 chl to 7.1 ^moling" 1 chl (Fig. 2) . Under control conditions barley leaves were shown to accumulate about 5 /j.mol mg"' chl sucrose per 5 h in the second half of the light period (Riens et ai, 1994) . Taking this into account, it can be evaluated that NH 3 fumigation caused the sucrose content to decrease by 6.1 /^moling" 1 chl. The content of malate, on the other hand, remained constant, whereas the content of 2-oxoglutarate was decreased by 33%, that of PEP and 3-PGA by 42% and 23%, respectively (Fig. 2) . Pyruvate increased by 115%.
PEPCase activity
Parallel to the decrease in phosphoenolpyruvate content, NH 3 fumigation caused the extractable PEPCase activity of barley leaves to increase up to 1.3-1.4-fold within 5 h (Fig. 3) . Treatment with ammonia (h) Fig. 3 . PEPcase activity in barley leaves before (time 0) and during NH 3 fumigation, the mean values of three independent experiments. Coefficient of variation: 14-22%.
Metabolite concentrations in the leaves, apoplast and phloem sap of control and NH 3 fumigated spinach plants
The experiments on the transport of metabolites from the mesophyll cells to the phloem were carried out with spinach. The phloem sap was collected by the laser-aphidstylet technique. These measurements were not carried out with barley leaves, as it was difficult to get reliable samples of phloem sap from barley leaves; sometimes hundreds of aphid stylets had to be severed until one stylet exuded phloem sap. With spinach leaves about every fifth severed stylet exuded phloem sap. The apoplastic fluid collected by vacuum infiltration was checked to see whether it had been contaminated with cellular constituents by determining the activity of malate dehydrogenase as a measure of substances released from ruptured cells. The activity of malate dehydrogenase in spinach leaves was 71 + 17 ^mol mg" 1 chl min" 1 with an extraction buffer of pH 7.5 and 75 ±25 ^mol mg" 1 chlmin" 1 with MES buffer at pH 5.5. There were no detectable differences between control and fumigated plants. The corresponding activities in the apoplastic fluid were 0.02 + 0.01 /*mol mg" 1 chl min" 1 in the control and 0.04 + 0.04 jumol mg" 1 chl min" 1 in the fumigated plants, which was less than 1% of that in the leaf extract. From these results the cytoplasmic contamination of the apoplastic fluid was found to be negligible.
The aphid stylet technique is the only reliable method for collecting pure phloem sap from intact plants. Since nitrate is known to be transported in the xylem, but not in the phloem, these experiments show that the collected phloem sap was not contaminated by xylem sap. The concentration of nitrate was 3.2±0.7mM in the xylem and nitrate was not detactable in the phloem sap. Table 1 shows the contents of sucrose and amino acids in the leaf extracts, the apoplast and the phloem sap of spinach plants under control conditions and after 5 h of NH 3 fumigation. The net rate of CO 2 uptake was not affected by NH 3 fumigation (51 /*mol CO 2 mg" 1 chl h" 1 ). The fumigation led to an increase in the total amino acid contents in all compartments (leaf 128%, apoplast 185%, phloem sap 178% of control) and to a decrease in the sucrose concentration (leaf 42%, apoplast 20%, phloem sap 56% of control). The increase in the total amino acid contents was mainly due to a 2-7-fold increase in the glutamine contents. The asparagine content increased also 2-3-fold, although the contents in all compartments were generally low, amounting to about 2-3% of total amino acids in the control plants and about 3-4% in fumigated plants. The altered amino acid contents concurred with a pronounced decrease in the sucrose contents and, therefore, the ratio of sucrose to total amino acids was greatly decreased in the fumigated plants: in the leaves and apoplast of the fumigated plants it was approximately only one half and in the phloem sap even one-quarter of those in the control plants.
The percentage of each amino acid as related to the total amino acid concentration is shown in Fig. 4 . In the control plants glutamate and glutamine are the main amino acids in the whole leaf, the apoplast and in the phloem sap. In fumigated plants, however, the contents of glutamine in all compartments (38-50%) exceeded the contents of any other amino acid. In relation of the sum of amino acids except glutamine, the percentage of each of these other amino acids remained more or less unchanged in the fumigated plants.
Discussion
The integration of carbon and nitrogen metabolism
The results of the present study show that barley and spinach leaves assimilate ammonia from the gas phase and incorporate the nitrogen into amino acids (Fig. 1) . In the leaves of fumigated plants, amino acids were found to accumulate, accompanied by a decrease in the leaf contents of sucrose (Table 2) . Apparently in the fumigated leaves the synthesis of amino acids was increased at the expense of sucrose synthesis. This increase in nitrogen 10.1
metabolism is met by a concomitant increase in PEPcase activity. The increased contents of glutamine, glycine, alanine, and serine correlate with the results of Berger et al. (1986) who, in sunflower leaves fumigated with 15 NH 3 , measured a rapid 15 N incorporation into the above-mentioned amino acids, of which glutamine and glutamate were most rapidly labelled. Although these measurements show no net increase in the glutamate content, an increased synthesis of glutamate is obvious from the increased glutamine content. An assimilation of ammonia has been also observed in young tomato plants in daylight (van der Eerden, 1982) . When these plants were fumigated in the dark, the author observed a sharp increase in ammonium and ammonia contents in the leaves concurring with the appearance of necrotic sections. NH/ fixation via the GS/GOGAT pathway requires ATP and reducing power, which are generated in the leaves by photosynthesis. In the case that NH^ can not be assimilated in the leaves, the accumulated NH^ has a toxic effect on the plant.
The decrease in sucrose accumulation observed in illuminated leaves after ammonia fumigation may reflect an increased demand of carbon skeletons for amino acid synthesis. In the alga Selenastrum minutum N-assimilation may lead to a rapid starch mobilization (Smith et al., 1989) . It has recently been shown that the supply of nitrate or ammonium to detached wheat leaves of plants grown in the presence of low nitrate resulted in a decrease in the activity of sucrose phosphate synthase. It was assumed that sucrose synthesis is directly regulated by N-assimilation, rather than by depletion of metabolites per se (van Quy et al., 19916; Champigny et al., 1992) . It is feasible that the decrease in sucrose synthesis, which were observed after ammonia fumigation, is caused by a regulation of sucrose phosphate synthase
The increased synthesis of amino acids requires an increased production of organic acids as carbon skeletons. It has been shown with Ricinus cotyledons that the addition of glutamine or NH 4 C1 leads to a 2-fold stimulation of glycolysis providing phosphoeno/pyruvate as precursor of carbon skeletons (Geigenberger and Stitt, 1991) . The increased ratio of glutamine to glutamate is indicative for a demand of 2-oxoglutarate in the GOGAT pathway and is reflected by the decline of the 2-oxoglutarate content. The rate of 2-oxoglutarate production will be at least as high as the net rate of glutamine production. Citrate, formed from pyruvate and oxalacetate in the mitochondria, is mostly exported to the cytosol (Hanning and Heldt, 1993) , where it is converted to 2-oxoglutarate by cytosolic aconitase and NADP-isocitrate dehydrogenase (Chen and Gadal, 1990) . The decrease of PEP and 3PGA shows that the utilization of PEP has also been increased during ammonia fumigation. This concurs with the observed increase in the activity of PEPcase (Fig. 3) . In wheat leaves, nitrate or some derivative of its assimilation, such as the level of NH^ or the ratio of glutamine to glutamate were shown to enhance PEPcase activity in response to the phosphorylation state of the protein (van Quy et al., 1991a) . In maize leaves the proportion of PEPcase in the soluble protein fraction of the leaves and the expression of the PEPcase gene was found to be induced by either nitrate or ammonium as N-source, where ammonium had the highest effect (Sugiharto and Sugiyama, 1992) . The results of our fumigation with NH 3 indicate that nitrate is not essential for an increase in PEPcase activity, and that either NH 3 or NH^, or their assimilation products, such as glutamine, or an increased ratio of glutamine to glutamate (about 40-fold, Fig. 1 ) cause the observed increase in PEPcase activity in barley leaves.
Which parameters determine the amino acid concentration in the phloem sap?
NH 3 fumigation of spinach plants caused an increase in the content of amino acids and a decrease in the content of sucrose in leaves as well as in the apoplast and the phloem sap. In the phloem sap of fumigated plants the concentration ratio of the sucrose to total amino acid was about one, as compared to five in the control plants (Table 1) . In other plants this ratio was between 4 and 15 (Lohaus et al., 1995; Winzer et al., 1996) . In the leaves, the apoplastic fluid and in the phloem sap of the fumigated plants the predominant amino acid was glutamine. The similarity of the percentages of each amino acid relative to the total amino acid concentration in leaves and phloem sap of fumigated and control plants shows that over a wide range the amino acid concentration in the cytosol determines the amino acid composition in the phloem sap. The concentration of the amino acids in the cytosol of the mesophyll cells can be evaluated from the leaf contents, the size of the cytosolic volume of 24 fuL mg" 1 chl , and the observation that 30% of the total amino acids in the leaf are located in the cytosol (Riens et ai, 1991) . According to this evaluation the concentration of the sum of amino acids in the cytosol of control plants was 105 mM and in the fumigated plants 134mM, which is quite similar to the corresponding concentrations in the phloem sap. Similar concentrations of amino acids in the cytosol and phloem sap were also found with different plant species such as spinach (Riens et ai, 1991) or barley (Winter et ai, 1992) , and with different hybrids of maize (Lohaus, unpublished results) . These results show that a change in the amino acid pattern in the source cells due to altered nutrient conditions is reflected by a similar change in the amino acid composition in the phloem sap (Table 1 ; Fig. 3 ). These findings suggest that the amino acid transporters involved in phloem loading have a broad specificity. Most amino acid transporters, which have been characterized by functional complementation of yeast mutants defective in amino acid transport by transformation with cDNA libraries from Arabidopsis thaliana, showed indeed a broad specificity for amino acids (Frommer et ai, 1993; Kwart et a!., 1993) . These results are in agreement with the conclusion that the concentration of amino acids in the cytosol determines their concentration in the phloem sap.
